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Lungsed as potential therapeutic strategy with regard to their ability to induce cell
death. We previously demonstrated that C2-ceramide generated apoptosis in bronchocarcinoma BZR cells.
We here investigated whether ceramides also target other molecules involved in cell–cell or cell–matrix
interactions during cancer progression. A SuperArray® analysis showed that ceramides modulate gene
expression after 2 h. Among deregulated genes, we observed an inhibition of the transcript coding for the
pro-metastatic enzyme MMP-2. The pharmacological inhibitor of caspases cascade, ZVAD-fmk, did not
prevent C2-ceramide-induced down-regulation of MMP-2 ruling out apoptosis as a mediator of this event,
whereas inhibition of oxidative stress using NAC conﬁrmed a role for ROS. This effect of C2-ceramide was
associated with changes in histone H3 acetylation. However, although histone deacetylase inhibitors are also
currently under investigation for their anti-tumor activity, we demonstrated here that a combined treatment
with trichostatin A abrogated both MMP-2 down-regulation and reduced invasive properties elicited by C2-
ceramide alone. Hence, this study demonstrates that besides its apoptotic effect, C2-ceramide also exhibits
anti-invasive properties, showing a dual beneﬁcial effect against cancer progression, but casts some doubt on
the use of HDAC inhibitors as combined treatment with drugs that trigger the ceramide pathway.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionTargeting ceramides has been proposed as a potential therapeutic
strategy with the aim of counteracting tumor progression. Evidence
for such proposal was based on the observation that ceramide levels
are signiﬁcantly reduced in vivo in cancer such as colon carcinoma
compared to healthy tissues [1]. Ceramides are intracellular second
messengers for a variety of cellular processes, ranging from differen-
tiation, proliferation, and apoptosis through caspase activation [2] (for
review). Most of their potential therapeutic values are linked to this
latter property, and especially to the fact that cell-permeable ceramide
analogues induce apoptosis in tumor cells such as in human lung
cancer-derived cells [3,4]. However, somewhat in contradiction withy the CNRS, and the Comité de
recipient of a bursary from the
ported by the Environmental
NRS UMR-6198, Université de
nacq Jay, 51095 REIMS Cedex,
ntonicelli).
s Protéines, CNRS UMR-5086
icine, Division of Lung Biology,
4642, USA.
l rights reserved.their pro-apoptotic activity, ceramides are also able to promotematrix
metalloproteinases (MMPs) secretion [5–7], a family of proteases
currently described to promote cancer cell invasion. Although MMP
up-regulation was demonstrated in non-cancerous cells, ceramide
effects on MMPs are intriguing and raise questions about the precise
function of ceramides in the regulation of tumor progression.
Enhancement of secretion and proteolytic activation of MMPs in
human cancer tissues represents one of the critical steps in tumor
invasion and metastasis [8–11]. MMPs constitute a family of 25
structurally related proteolytic enzymes, which are responsible for
extracellular matrix (ECM) degradation. Compared to its relatively low
rate of turnover under physiological conditions, acceleration of ECM
turnover occurs during the tissue remodelling that accompanies many
pathological processes such as inﬂammation or tumor invasion [12–
14], notably in lung tissue [15,16]. Amongmembers of this family,MMP-
2 (gelatinase A) is of particular interest since this enzyme is not only
capable of degrading several components of the basement membrane
but also can participate in cytokine turnover [17] and activation [18].
Thus, this enzyme is thought to play a pivotal function in cancer cell
invasion and inﬂammation, facilitating tumor progression. Indeed, the
invasion process involves the dispersed of epithelial cells from
neoplastic clusters followed by cell invasion of adjacent stromal
connective tissue [15,19]. As a matter of fact, MMP-2 together with
its activator MT1-MMP was found especially involved in human
bronchopulmonary carcinoma invasion in vitro and in vivo [20,21].
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the bronchopulmonary BZR cell line [3]. We here investigated the
effects of C2-ceramide on matrix-related molecules by SuperArray®
experiments. The purpose of this study was to seek potential targets
involved in cell–cell or cell–matrix interaction, and to get better
knowledge and understanding associated with the invasion mechan-
ism of short-chain ceramides on cancer. Using a highly invasive cell
line, i.e. BZR, we here evidenced that ceramides repressed MMP-2
gene expression, suggesting that in addition to their pro-apoptotic
activity, ceramides can simultaneously reduce bronchopulmonary
tumor invasion. The mechanisms involved in these anti-invasive
activities were found to be due, at least in part, to alteration of the cell
redox system and modiﬁcation of histone acetylation. Histone
deacetylase inhibitors (HDACi) are also promising anticancer agents
acting by modifying chromatin structure and thereby modulating
gene expression patterns involved in lung cancer [22]. In this setting,
this class of inhibitors could therefore represent an alternative
therapeutic approach for primary and metastatic cancer. However,
using trichostatin A (TSA) as an HDAC inhibitor, we demonstrated that
the combined effect of ceramide and TSA suppressed the beneﬁcial
effects of C2-ceramide on proMMP-2 secretion and bronchopulmon-
ary cancer-derived cell invasion.
2. Materials and methods
2.1. Cell-culture conditions
Human lung epithelial cell lines, BZR (ATCC CRL-9483) were
maintained in Dulbecco's modiﬁed Eagle's medium (DMEM) (Gibco
BRL, Life Technology) supplemented with 10% (v/v) heat-inactivated
foetal bovine serum (FBS) (Dutscher SA), 100 U/ml penicillin, 100 µg/
ml streptomycin at 37 °C, 5% CO2. For the assays, cells were seeded into
6-plates at 0.2×106 cells per well and incubated overnight. The wells
were rinsed twice with DMEM without FBS prior to treatment. Cell
viability was determined by trypan blue exclusion.
2.2. Experimental procedures
C2-ceramide, C6-ceramide or Dihydroceramide solutions (SL-100-
0005, SL-101-0005 and SL-110-0005, BIOMOL, Tebu-Bio, France) were
added to fresh culture mediumwithout FBS at t=0 and then incubated
at 37 °C for varying times.
2.3. In vitro invasion assays
50,000 cells were suspended in serum-free DMEM containing 0.2%
BSA and seeded onto membranes (tissue culture treated, 6.5 mm
diameter, 8 μm pore) coated with Matrigel (30 μg/cm2) using modiﬁed
Boyden chambers (Transwell, Costar). DMEM supplemented with 10%
FBS and 2% BSAwas used as a chemoattractant. After a 6 h incubation
period in absence or presence of effector, cells were ﬁxed with
methanol and stained using crystal violet for 15 min. Cells remaining
on the upper face of the membranes were scrapped and those on the
lower face were counted using an inverted microscope.
2.4. Zymography
Zymography in gels were performed on conditioned media.
Samples were separated by electrophoresis in a 10% SDS-PAGE
containing gelatin (1 mg/ml) as a substrate [23].
2.5. Isolation of total RNA and mRNA expression studies (RT-PCR)
Total RNA was isolated from BZR cells using the TRIzol reagent
(Invitrogen Life Technologies) following the manufacturer's recom-
mendations. Oligonucleotide primers and PCR conditionswere chosenusing the published sequences of the humanMMP-2 [24] and 18S RNA
[25]. Sequences of primers for MMP-1 and TIMP-1 were as follows:
(sense) 5′-GCTTTCCTCCACTGCTGCT-3′, (antisense) 5′-CTTGCC-
TCCCATCATTCTTC-3′, and (sense) 5′-GACGGCCTTCTGCAATTCC-3′,
(antisense) 5′-GTATAAGGTGGTCTGGTTGACTTCTG-3′, respectively.
Bands were visualized and scanned using a white/UV gel camera
Imaging densitometer, UVP (Bio-rad).
2.6. Preparation of protein extracts and quantiﬁcation
The medium overlying the cells was discarded and replaced with
ice-cold phosphate buffer saline. Cells were harvested by scrapping,
followed by centrifugation at 400 g.
2.6.1. Nuclear extract
Cells were lysed in PBS pH 7.4; 0.5% Triton X-100; 80 mM β-
glycero-phosphate; 50 mM EGTA; 15 mM MgCl2; 1 mM Na3VO4 and
protease inhibitors. Lysates were centrifuged for 20 min at 15,000 g,
and supernatants diluted in reducing SDS sample buffer. Protein
content was determined using the BCA protein quantiﬁcation kit
(Pierce, UK).
2.6.2. Histone extraction
Acid soluble histones were puriﬁed and acetone precipitated.
Precipitates were resuspended in 100 µl H2O and quantiﬁed by
spectrophotometry at 230 nm.
2.7. Western blotting of acetylated histone H3
Proteins were separated on 15% acrylamide denaturing gels and
transferred on to nitrocellulose membranes. The anti-acetyl H3 anti-
body was used at a 1:1000 dilution (Upstate, cell signalling; 06-599).
2.8. Electrophoretic mobility assay (EMSA) assay
Binding reactions were performed in 20 µl using 5 µg of nuclear
extract protein, 0.25 mg/ml poly(dI-dC).poly(dI-dC) and binding
buffer (Promega). Nuclear extracts were incubated for 20 min at
room temperature with γ32P-ATP end-labelled double-stranded
probes. The speciﬁcity of DNA-binding was assessed by competition
using commercially available consensus sequences. Samples were
electrophoresed through 6% polyacrylamide gels at a constant voltage
of 180 V. The gels were dried and autoradiographied.
2.9. Chromatin-immunoprecipitation assay
Chromatin-immunoprecipitation assay was carried out on BZR
cells untreated or treated with Ceramides (40 µM) for 2 h. ChIP
experiments were conducted as previously described [26]. Sonicated
cell pellets received either anti-acetyl-H3 antibody (1 µg/µl, Upstate)
or rabbit anti-IgG antibody (1 µg/µl, Sigma) as negative control or no
antibody (Input). Precipitated DNA was then ampliﬁed by PCR using
primers encompassing 2 sequences of the MMP-2 promoter: region
(−1357/−1158) forward primer 5′-TCTCTGGGCCATTGTCAATGTT-3′
and reverse primer 5′-TAAGCTGTGATGGGGAACTCCA-3′; region
(−130/+60) forward primer 5′-AAAGTGGAGGAGGGCGAGTAGG-3′
and reverse primer 5′-TTAAAGCCCCAGATGCGCAG-3′. Another PCR
was applied as control in the 9th intron sequence (+14321/+14497)
with forward primer 5′-TCTTGACTTTCAGCTACAGTTTGGG-3′ and
reverse primer 5′-TGTGACTTATTTCAGGCAGTGGAAT-3′. Positions are
expressed relatively to the transcriptional start site [40].
2.10. Microscopy analysis
BZR cells were incubated for 10 min in the dark at room
temperature with a solution composed of 100 µM chromomycin A3
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mounted in glycerol solution containing an antifading agent (Citiﬂuor,
Agar scientiﬁc, UK). Nuclei were examined with an MRC 1024 ES Bio-
rad confocal system mounted on a Zeiss Axioplan microscope (Zeiss,
Germany). The laser used was a 25 mW multiline argon laser
producing two major lines at 488 and 514 nm and one minor line at
456 nm. The latter was selected to excite chromomycin A3 speciﬁcally.
For each condition, a minimum of 30 nuclei was examined.
Parameters were established to obtain images with a good signal to
noise ratio and to avoid blenching.
2.11. GSH assays
GSH levels were measured by the 5,5′-dithiobis-(2-nitro-benzoic
acid) DTNB-GSSG reductase recycling, as described previously [27].
2.12. Superoxide anion production
After stimulation, BZR cells were incubated with NBT (0.5mg/ml in
phenol-free DMEM) for the indicated times. Light absorbance was
measured at 540 nm.
2.13. Transfection assays
Cells were transiently transfected with 1 µg of MMP-2-Luc
plasmid (a kind gift by Dr. Sun LY, Parke-Davis Pharmaceutical
Research, Michigan 48105) and 0.08 µg of PRLTK plasmid (Promega)
using 2 µg LipofectAMINE (Invitrogen). After exposure to ceramides,
cells were washed and lysed with a passive lysis buffer supplied with
the Dual-Luciferase reporter Assay system kit (Promega). Dual-Table 1
SuperArray® gene list analyzed in Fig. 1A (Membrane GEArrayA® EHS-013, Human extraceluciferase activities were recorded on 20 µl lysate supernatant
following the respective injections of 100 µl LAR II and 100 µl Stop
Glow reagents.
2.14. Statistical analysis
The results are expressed as means±SEM of triplicate assays and
compared with the Student's t test.
3. Results
3.1. Effects of C2-ceramide on Matrix genes expression
We ﬁrst performed a SuperArray® analysis designed to determine
the expression proﬁle of a group of genes, including matrix
metalloproteinases (MMPs), integrins, proteases and protease inhibi-
tors, all of which involved in cell–cell and cell–matrix interactions.
Speciﬁcity of ceramide effect was addressed using dihydroceramide
analogue as control, which lacks the double bond. Discrimination
analysis of mRNA expression between DH, C2- and C6-ceramide-
treated cells showed that the expression of several genes (see Table 1
for gene identiﬁcation number) were either down- or up-regulated
(Fig. 1A). Among the members of the MMP family, only MMP-1 and
MMP-2 mRNAs were detected. Two hours treatment of BZR cells with
C2- or C6-ceramide reduced the level of MMP-2 but not MMP-1mRNA
(Fig. 1B). Also TIMP-1 expression was not affected after C2-ceramide
treatment (Fig. 1B). RT-PCR experiments performed after 4 h of
treatment conﬁrmed the decrease in MMP-2 mRNA upon C2-
ceramide treatment, without eliciting any effect on MMP-1 and
TIMP-1 mRNA (Fig. 1C).llular matrix and adhesion molecules, Tebu-Bio, France)
Fig. 2. Ceramides decrease MMP-2 secretion. (A) Effects of C2-ceramide on MMP-2
secretion measured by gel zymography. BZR cells were treated with C2-ceramide
ranging from 0 to 40 µM for 6 h. (B) Kinetics of MMP-2 secretion following C2- and C6-
ceramide treatments. (C) Inﬂuence of the zVAD.fmk pan-caspase inhibitor on C2-
ceramide (40 µM)-induced MMP-2 secretion inhibition.
Fig. 1. Effects of C2- and C6-ceramides on matrix-related molecule expression. (A)
Matrix molecule expression determined by SuperArray® experiments. Genes differen-
tially regulated are pointed in the DH panel and correspond to: 14: COL18A1: Collagen,
type XVIII, alpha 1; 33: CTNNA1: Catenin (cadherin-associated protein), alpha 1,
102 kDa; 45: ITGA2B: Integrin, alpha 2b (platelet glycoprotein IIb of IIb/IIIa complex,
antigen CD41B); 46: ITGA3: Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3
receptor); 48: ITGA5: Integrin, alpha 5 (ﬁbronectin receptor, alpha polypeptide); 54:
ITGAM: Integrin, alpha M (complement component receptor 3, alpha; also known as
CD11b (p170), macrophage antigen alpha polypeptide); 57: ITGB1: Integrin, beta 1
(ﬁbronectin receptor, beta polypeptide, antigen CD29 includes MDF2, MSK12); 71:
LAMB1: Laminin, beta 1; 76: MMP-1: Matrix metallopeptidase 1 (interstitial
collagenase); 85: MMP-2: Matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase,
72 kDa type IV collagenase); 99: SPARC: Secreted protein, acidic, cysteine-rich
(osteonectin); 103: TGFB1: Transforming growth factor, beta-induced, 68 kDa; 108:
TIMP-1: Tissue inhibitor metallopeptidase 1. (B) SuperArray® densitometric analysis of
spots detected for MMP-1, MMP-2 and TIMP-1 mRNAs. Results are expressed in
percentage relative to DH-treated cells. (C) RT-PCR analysis of MMP-1, MMP-2 and
TIMP-1 mRNA expression in BZR cells treated with 40 µM C2-ceramide for 4 h.
Ampliﬁcation of 18S RNA was used as control. PCR products were obtained with
speciﬁc primers.
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ITGA5 (integrin alpha2B and alpha5 respectively) were mainly
decreased in C2-ceramide-treated cells, whereas collagen XVIII
alpha1 chain and laminin1 beta chain gene expressions were
enhanced upon both C2 and C6-ceramide treatment (Fig. 1A).
3.2. Effects of ceramides on MMP-2 secretion from BZR cells
We then performed concentration–response experiments to study
in-depth effects of ceramide treatment on MMP-2 secretion inconditionedmedia (Fig. 2A). Under basal conditions, BZR cells secreted
the latent form of MMP-2 (proMMP-2), which was concentration-
dependently reduced upon 4 h of C2-ceramide treatment (Fig. 2A).
Time-dependent analysis of proMMP-2 secretion revealed that the C2-
ceramide inhibitory effect was an early and progressive event (Fig. 2B),
and comparison between C2- and C6-ceramide effects on proMMP-2
secretion showed barely any difference (Fig. 2B).
Although C2-ceramide triggered caspase-3 activation in BZR cells
only after a 6-h incubation period [3], we investigated the potential
implication of cell death in the reduction of MMP-2 secretion. Hence,
we compared proMMP-2 level in cells treated with C2-ceramide alone
or combined with the pan-caspase inhibitor zVAD.fmk versus control,
and found that the C2-ceramide inhibitory effect on proMMP2
secretion was not reversed by inhibition of caspase activity (Fig. 2C).
All together, these results indicate that MMP-2 down-regulation upon
ceramide treatment is an early phenomenon, independent of the pro-
apoptotic cascade.
3.3. Inﬂuence of ROS signalling pathway in ceramide inhibitory effect on
MMP-2 secretion
To determine the signalling pathway involved in MMP-2 down-
regulation upon ceramide treatment, we ﬁrst treated BZR cells with
the chemical inhibitors U0126, SB203508 and LY294002, which are
Fig. 3. ROS inhibition mediates C2-ceramide MMP-2 decrease of secretion. (A) Kinetics of ROS production in bronchial cells treated with C2-ceramide (40 µM). (B) GSH content was
measured in bronchial cells exposed to C2-ceramide (40 µM, 4 h). (C) Kinetics of MMP-2 secretion following NAC stimulation. Modiﬁcation of cell morphology was observed using
phase-contrast microscopy. (D) Effects of H2O2 supplementation on DH-, C2- and C6-ceramide effect on MMP-2 secretion.
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respectively. ProMMP-2-reduced secretion upon ceramide treatment
could not be reproduced nor reversed by co-treatment with these
compounds (data not shown).
We further hypothesized that the effect of ceramide on proMMP-2
expression may be due to modulation of intracellular reactive oxygen
species (ROS), another signalling pathway associated with ceramide
effects. Exposure of BZR cells to C2-ceramide led to a transient
increase of free radical superoxide anion release in BZR cells, followed
by a decrease in the intracellular ROS level (Fig. 3A). The decrease in
intracellular ROS was associated with a decrease in cellular GSH
content (Fig. 3B) corresponding to GSH consumption during ROS
metabolism. We therefore assessed the involvement of ROS in the
regulatory mechanism of proMMP-2 by treating BZR cells with NAC
(N-acetyl-L-cysteine), a ROS scavenger and GSH precursor (Fig. 3C).
Kinetics analysis showed that NAC reduced proMMP-2 secretion and
that this effect was still present after 24 h of treatment without
altering cell viability (Fig. 3C, microscopy images). To conﬁrm the
involvement of ROS depletion in proMMP-2-reduced production, wethen examined the effect of a supplementation with free radicals on
ceramide-treated cells (Fig. 3D). Pre-treatment of BZR cells with H2O2
concentration-dependently abrogated the inhibitory effect of both C2-
and C6-ceramide treatments on proMMP-2 secretion (Fig. 3D).
3.4. Effects of C2-ceramide on MMP-2 gene expression
To give a preliminary insight onmolecularmechanisms involved in
MMP-2 gene down-regulation, we ﬁrst analysed the DNA-binding
capacity of two transcription factors (AP-1, AP-2) relevant for MMP-2
gene transcription (those potential MMP-2 regulatory elements are
depicted in Fig. 4B). Gel shift experiments revealed that treatment of
BZR cells with C2-ceramide (40 µM) decreased both AP-1 and AP-2
DNA-binding compared to untreated cells (Fig. 4A). Speciﬁcity of DNA-
binding was assessed by competition using consensus sequences
speciﬁc and non-speciﬁc for these transcription factors (Fig. 4A). To
further address the genetic regulation of the MMP-2 gene, we then
transfected BZR cells with a construct containing the 5′ region
(−1659 bp) of the MMP-2 promoter coupled to a luciferase reporter
Fig. 4. C2-ceramide prevents transcription factor DNA-binding and down-regulates
MMP-2 expression. (A) C2-ceramide treatment inhibits AP-1 and AP-2 DNA-binding.
Speciﬁcity of DNA-binding was assessed by speciﬁc (Spe) and non-speciﬁc (NSpe)
competition experiments. (B) C2-ceramide reduces reporter gene activity coupled to
MMP-2 promoter. BZR cells were transfected with the full length MMP-2 promoter.
After an overnight transfection, cells were treated with C2-ceramide (40 µM) for
6 h and luciferase activity measured relative to a control of transfection efﬁciency
(pRL-TK plasmid).
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promoter was repressed upon C2-ceramide treatment (Fig. 4B).
3.5. C2-ceramide-induced MMP-2 down-regulation via HDAC inhibition
HDAC inhibitors have been reported to induce ROS production
[28]. We then investigated the role of chromatin remodelling in the
down-regulation of MMP-2 upon ceramide treatment (Fig. 5). Hence,
we ﬁrst investigated the effects of C2-ceramide treatment on
chromatin condensation, as monitored by staining with the inter-
calating dye chromomycin A3. Fig. 5A shows that nuclear condensa-
tion advanced gradually during ceramide treatment, and became
apparent as early as 1 h. We then analysed the inﬂuence of C2-
ceramide on histone acetylation by Western-blot analysis, and
showed that histone H3 acetylationwas decreased in BZR cells treated
with C2-ceramide compared to untreated cells (Fig. 5B). We further
examined nuclear condensation and histone H3 acetylation with
MMP-2 transcription by ChIP assay (Fig. 5C). Chromatin fragments
from cells treated with dihydroceramide as control or with C2-
ceramide were immunoprecipitated with an anti H3-acetylatedantibody versus non-speciﬁc antibody (IgG) and theMMP-2 promoter
was examined by RT-PCR with primers amplifying the (−1357/−1158)
region encompassing the AP-1 binding motif, and the (−130/+60)
sequence encompassing the AP-2 binding site. Analysis of ChIP
experiment results demonstrated that C2-ceramide treatment
reduced H3-acetylation level by approximately 60% within the AP-1
region of the MMP-2 promoter, whereas signiﬁcant variation was
observed neither at the AP-2 nor at the control sites delineated in the
9th intron of the MMP-2 gene (Fig. 5C).
3.6. TSA counteracts the C2-ceramide inhibitory effect on BZR cell
invasion
We then extended our observation on chromatin remodelling and
examined the effects of a pre-treatment of BZR cells with TSA, an
HDAC inhibitor, on the level of secreted proMMP-2 in cells co-treated
with or without C2-ceramide. Treatment with TSA alone did not
signiﬁcantly affect secreted proMMP-2 level, whereas combined to
C2-ceramide, TSA partially rescued proMMP-2 secretion (Fig. 6A).
MMP-2 expression from BZR cells has been associated with aggressive
behaviour; we thus wondered whether C2-ceramide effects could
alter BZR cell migration through Transwell membranes coated with
Matrigel (Fig. 6B). The invasive properties of BZR cells were
signiﬁcantly inhibited by treatment with C2-ceramide, whereas
treatment with TSA did not affect cell migration. However, combined
with C2-ceramide, pre-treatment with TSA abolished the inhibitory
effect induced by C2-ceramide on BZR cell migration (Fig. 6B).
4. Discussion
In this study, SuperArray® experiments were conducted as a
starting point to delineate awider effect of short-chain ceramides on a
group of genes involved in cancer invasion. Among the panel of altered
genes, we found that ceramides inhibited MMP-2 expression.
Determination of MMP-2 down-regulation mechanisms emphasized
the role of ROS and chromatin remodelling in the bronchocarcinoma
BZR cell invasive properties. Such ﬁnding therefore provides enlarged
evidence for the therapeutic potential of the ceramide pathway, and is
in setting with in vivo experiments using MMP-2 deﬁcient mice,
which established a relationship between this protease expression
and lung cancer progression [29]. Accordingly, in vitro analysis of
highly invasive bronchial BZR cells also demonstrated a strong
correlation between invasiveness and MMP-2 activity [19,30,31].
Reduced MMP-2 expression in BZR cells upon ceramide stimulation
was independent of the pro-apoptotic property of this compound
since MMP-2 down-regulation was observed as early as 2 h following
ceramide treatment (SuperArray®), whereas caspase-3 activation did
not occur before 6 h of incubation [3]. Moreover, the pan-caspase
inhibitor zVAD-fmk largely reduced apoptosis induced by C2-
ceramides [3], but failed to affect the C2-ceramide-decreased
proMMP-2 secretion. Hence, combined with our previous study [3],
ceramides decrease bronchopulmonary cell invasiveness both by
affecting mechanisms that lead to MMP-2 down-expression and by
triggering apoptosis, therefore underscoring a dual beneﬁcial effect of
C2-ceramide on bronchocarcinoma cancer progression.
Hence, we did not conﬁrm previous results showing that apoptosis
is a key event in initiating extracellular matrix degradation [32]. If in
some models, ceramide-induced apoptosis may occur in concert with
altered expression of gene related to malignant phenotype [7,33],
Preaux et al. found that induction of apoptosis was not associated with
MMP-2 mRNA modulation in hepatic myoﬁbroblasts [34]. Then,
coupling of the two phenomena may be more complicated than
originally thought, andmight be cell type speciﬁc, if not dependent on
the tumorogenic character of the cells. Furthermore, not all genes
related to matrix molecules were down-regulated following ceramide
stimulation. Specially, among members of the MMP family, neither
Fig. 5. Histone acetylation regulates MMP-2 secretion. (A) Confocal analysis of nuclear condensation. Time–response effects of C2-ceramide (40 µM). (B) Inhibition of histone H3
acetylation upon C2-ceramide treatment observed byWestern blotting with speciﬁc antibody. (C) Chromatin immuno-precipitation assay on theMMP-2 promoter following DH and
C2-ceramide treatment (40 µM, 2 h).
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mRNA levels were altered. Then as stated above, speciﬁc targeting of
MMP-2 by ceramide treatment might be cell type speciﬁc since C2-
ceramide increased MMP-1 in ﬁbroblasts [6], and MMP-1, -3, and -13
expression in chondrocytes [7]. Then, depending on the cell type,
different mechanisms might be implicated in these genes expression
following C2-ceramide treatment. In BZR cells, upon C2-ceramide
treatment, both MMP-2 mRNA level and promoter activity decreased
by approximately 30%, whereas reduction in protein level was more
pronounced. This suggests that multiple mechanisms are involved in
MMP-2 decreased secretion. One possible hypothesis would be
internalisation of the proMMP-2 protein by formation of complex
with LRP, a low density lipoprotein receptor-related protein which
mediates the endocytic clearance of various soluble proteases [35].
This observation argues against a global inhibition of cellular activity
upon C2-ceramide stimulation. Indeed, besides MMP genes, COL18A1
chain and laminin1 beta chain genes were up-regulated. Interestingly,
it has been reported that an over-expression of the COL18A1 gene is
correlated to tumorogenesis resistance driven by the anti-angiogenicproperties of endostatin, aMr 20,000 proteolytic fragment of collagen
XVIII [36]. Not only are these observations in favour of a speciﬁc
mechanism involved inMMP-2 down-regulation preferably to a global
inhibitory mechanism, but inhibition by C2-ceramides of MMP-2
expression might represent an alternative therapeutic strategy to
counteract tumor progression in cancer cells resistant to apoptosis.
Upon ceramide stimulation, a decrease in ROS production
corresponding to GSH consumption was associated with reduced
MMP-2 gene expression, which is in agreement with the former
documented relationship between increased ceramide production
and decreased GSH levels in airway epithelial cells [37–39]. Accord-
ingly, the antioxidant NAC mimicked ceramide effects on MMP-2
expression. However, in our model, C2-ceramide induced apoptosis
and down-regulated MMP-2 expression, whereas NAC treatment did
not induce cell death. A potential explanation would be that increase
of ROS in the early time point might be related to apoptosis as already
documented [28], whereas MMP-2 down-regulation would be
inherent to ROS decrease (Fig. 7). In this setting, Gutierrez et al.
recently demonstrated that ceramide-induced apoptosis in cervical
Fig. 6. Trichostatin A counteracts C2-ceramide effects. (A) Co-treatment of BZR cells
with the histone deacetylase inhibitor trichostatin A (TSA) counteracts C2-ceramide
inhibitory effect on MMP-2 secretion measured by gel zymography. Values represents
mean±SEM (n=3) and quantitative analyses are showed in histogram. (B) Effect of
C2-ceramide and TSA on BZR invasion properties. Tumor cell migration was
measured on Transwell membranes. Modulation of BZR invasion was determined
by cell counting. Values represent mean±SEM (n=4) and quantitative analyses are
showed in the histogram.
Fig. 7. Dual effects of C2-ceramide on BZR cell invasiveness. C2-ceramide induced
apoptosis and down-regulated MMP-2 expression. Increased ROS level in the early time
point might be related to a delayed apoptosis mechanism, whereas MMP-2 down-
regulation would precede the apoptotic phenomenon and would be inherent to ROS
and decrease in histone acetylation.
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ROS [40]. Then, this is consistent with the hypothesis that signal
transduction pathways involved in the regulation of apoptosis and in
the regulation of MMP-2 expression are distinct.
While the MMP-2 gene has been genuinely considered as
refractory to modulation, it is now recognized that the expression of
this gene can be either up- or down-modulated depending on the
stimuli [41–44]. Analysis of the MMP-2 promoter sequence revealed
several potential binding sites for transcription factors such as AP-1,
AP-2, p53, and SP-1. Actually, only a few of these transcription factors
may take part in either the constitutive or up/down-regulation of this
enzyme. AP-1 DNA-binding was effectively reduced in ceramide-
treated cells. However, only one report speciﬁcally deﬁned this
transcription factor as a regulator of this gene under physiopatholo-
gical conditions [45]. Despite ceramides beingwell-known inducers of
apoptosis, it was unlikely that p53 participated in the MMP-2
promoter repression. Indeed, it has been evidenced that only the
wild type form of p53 could activate the MMP-2 promoter, and not
repress it, whereas the p53 mutant form commonly found in human
cancer is ineffective as a transcription factor [41,46]. Accordingly, we
found no modiﬁcation of p53 expression in our cells following
ceramide treatment (data not shown). Two SP-1 and one AP-2 sites
within the proximal region of the promoter have been shown to be
essential for the constitutive MMP-2 promoter activity [43,47]. AP-2DNA-binding was also reduced upon ceramide treatment, whereas
using a speciﬁc SP-1 inhibitor (WP631), we found that this family of
transcription factors was not involved in MMP-2 promoter down-
regulation (data not shown). However, the precise role of AP-2 in
MMP-2 gene regulation still needs to be delineated; while several
studies effectively proposed AP-2 as a requisite element drivingMMP-
2 expression [43,47], other studies showed that AP-2 dominant-
negative expressing cell displayed increased MMP-2 expression [48].
Hence, although there are differences in intensity betweenmRNA, AP-
1/AP-2 DNA-binding and reporter gene activity, taking all together our
results show that C2-ceramide treatment down-regulates the MMP-2
gene expression. These discrepancies could be related both i) to the
involvement of different signalling cascades controlling transcription
factors activity and ii) to the fact that the precise DNA sequences
utilised by the MMP-2 promoter and the nucleosomal context in
transient reporter assays may account for the differences seen
between with the native mRNA expression.
Alternative approaches for a number of pathologies, including
cancer, are to modulate MMP genes through epigenetic mechanisms.
Transcription factor activity is also regulated by chromatin structure
[49], whose alteration plays an important role in cancer progression
and gene transcription such as MMP-2 gene [47]. In this setting, the
high level of acetylated histone H3 observed at the MMP-2 promoter
level in untreated BZR would thereby facilitate accessibility of
transcription factors such as AP-1 and AP-2, explaining the constitu-
tive expression ofMMP-2 gene. Consequently, the observed reduction
of histone H3 acetylation upon C2-ceramide treatment was also
associated with decreased expression of MMP-2 gene. This effect was
partly inhibited by a co-treatment with TSA, implicating HDAC
activation in ceramide-mediated MMP-2 down-regulation. Increasing
evidence suggest that epigenetic modiﬁcations of histone are one of
the key mechanisms in the regulation of gene transcript [50]. For
instance, acetylation affects many protein functions including
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stability or to retain in the nucleus, all of these processes could be
important for recruitment of remodelling complexes to chromatin [for
review, 51,52]. Of interest in our study, it has been shown that c-Jun
trans-activating potential and DNA-binding activity is mediated by its
dissociation from an inhibitory complex containing HDAC3, a class 1
HDAC [53]. Therefore, it could be postulated that C2-ceramide effects
on MMP-2 gene repression are indirect through repression of
transcription factor activity such as AP-1 by the induction of HDAC
for instance, and that TSA could relieve the repressor, leading to an
increase in transcription activation by a de-repression mechanism as
proposed by Weiss et al. [53], thus reversing C2-ceramide effects on
MMP-2 gene expression. To substantiate such hypothesis, inhibition of
AP-1 DNA-binding following C2-ceramide treatment was reversed
when BZR cells were co-treated with TSA (data not shown). Then, our
results are in agreement with data showing that TSA promotes
cancer invasion through activation of uPA, an upstream activator of
MMPs [54]. Conversely, a recent study performed on lung adeno-
carcinoma cells (A549) showed that another HDAC inhibitor (FK228)
negatively regulated MMP-2 and MMP-9 expression [22]. These
differential effects might be due to cell type or to HDAC inhibitor
speciﬁcities, raising the question of the use of HDAC inhibitors as
combined treatments.
In conclusion, we have demonstrated that C2-ceramide reduced
histone acetylation leading to chromatin condensation and therefore
to speciﬁc gene silencing such as MMP-2, providing new insights into
the mechanism of ceramide action in the invasion process. Together,
with apoptosis induction, such dual beneﬁcial effect of C2-ceramides
that occurs in the same cell type underscores its therapeutic potential.
However, in line with the corresponding effects onMMP-2 expression,
in vitro matrigel invasion assays showed that the C2-ceramide-
induced inhibition of invasion was partly reversed by the HDAC
inhibitor TSA. Annihilation effect resulting from such combined
treatments in vitro could explain part of the unresponsiveness of bi-
or multi-therapeutical approaches.
Acknowledgments
We are grateful to members of the laboratory and trainee students
for their technical participation. We are also very pleased to thank Dr.
Ly Sun (Department of Molecular Biology, Parke-Davis Pharmaceutical
Research, Division of Warner-Lambert Company, Ann Arbor, Michigan
48105) for providing us with the MMP-2 promoter construct, and Dr.
Pascal Sommer for his kind advices.
References
[1] M. Selzner, A. Bielawska, M.A. Morse, H.A. Rudiger, D. Sindram, Y.A. Hannun, P.A.
Clavien, Induction of apoptotic cell death and prevention of tumor growth by
ceramide analogues in metastatic human colon cancer, Cancer Res 61 (2001)
1233–1240.
[2] A. Huwiler, U. Zangemeister-Wittke, Targeting the conversion of ceramide to
sphingosine 1-phosphate as a novel strategy for cancer therapy, Crit. Rev. Oncol.
Hematol. 63 (2007) 150–159.
[3] R. Debret, H. El Btaouri, L. Duca, I. Rahman, S. Radke, B. Haye, J.M. Sallenave, F.
Antonicelli, Annexin A1 processing is associated with caspase-dependent
apoptosis in BZR cells, FEBS Lett. 546 (2003) 195–202.
[4] S.M. Kurinna, C.C. Tsao, A.F. Nica, T. Jiffar, P.P. Ruvolo, Ceramide promotes apoptosis
in lung cancer-derived A549 cells by a mechanism involving c-Jun NH2-terminal
kinase, Cancer Res. 64 (2004) 7852–7856.
[5] N. Buisson-Legendre, P. Bernard, H. Bobichon, H. Emonard, C. Schneider, F.X.
Maquart, B. Haye, W. Hornebeck, Involvement of the 92-kDa gelatinase (matrix
metalloproteinase-9) in the ceramide-mediated inhibition of human keratinocyte
growth, Biochem. Biophys. Res. Commun. 260 (1999) 634–640.
[6] N. Reunanen, J. Westermarck, L. Hakkinen, T.H. Holmstrom, I. Elo, J.E. Eriksson,
V.M. Kahari, Enhancement of ﬁbroblast collagenase (matrix metalloproteinase-
1) gene expression by ceramide is mediated by extracellular signal-regulated
and stress-activated protein kinase pathways, J. Biol. Chem. 273 (1998)
5137–5145.
[7] M. Sabatini, G. Rolland, S. Leonce, M. Thomas, C. Lesur, V. Perez, G. de Nanteuil,
J. Bonnet, Effects of ceramide on apoptosis, proteoglycan degradation, andmatrix metalloproteinase expression in rabbit articular cartilage, Biochem.
Biophys. Res. Commun. 267 (2000) 438–444.
[8] A. Abbott, Cell culture: biology's new dimension, Nature 424 (2003) 870–872.
[9] L.M. Coussens, B. Fingleton, L.M. Matrisian, Matrix metalloproteinase inhibitors
and cancer: trials and tribulations, Science 295 (2002) 2387–2392.
[10] W. Hornebeck, H. Emonard, J.C. Monboisse, G. Bellon, Matrix-directed regulation
of pericellular proteolysis and tumor progression, Semin Cancer Biol. 12 (2002)
231–241.
[11] J. Westermarck, V.M. Kahari, Regulation of matrix metalloproteinase expression in
tumor invasion, FASEB J. 13 (1999) 781–792.
[12] J.L. Jones, R.A. Walker, Control of matrix metalloproteinase activity in cancer,
J. Pathol. 183 (1997) 377–379.
[13] A. Noel, H. Emonard, M. Polette, P. Birembaut, J.M. Foidart, Role of matrix,
ﬁbroblasts and type IV collagenases in tumor progression and invasion, Pathol.
Res. Pract. 190 (1994) 934–941.
[14] O. Stuve, S. Chabot, S.S. Jung, G. Williams, V.W. Yong, Chemokine-enhanced
migration of human peripheral blood mononuclear cells is antagonized by
interferon beta-1b through an effect on matrix metalloproteinase-9, J. Neuroim-
munol. 80 (1997) 38–46.
[15] E. Hrabec, M. Strek, D. Nowak, J. Greger, M. Suwalski, Z. Hrabec, Activity of type IV
collagenases (MMP-2 and MMP-9) in primary pulmonary carcinomas: a
quantitative analysis, J. Cancer Res. Clin. Oncol. 128 (2002) 197–204.
[16] S. Nenan, J.M. Planquois, P. Berna, I. DeMendez, S. Hitier, S.D. Shapiro, E. Boichot, V.
Lagente, C.P. Bertrand, Analysis of the inﬂammatory response induced by rhMMP-
12 catalytic domain instilled in mouse airways, Int. Immunopharmacol. 5 (2005)
511–524.
[17] A. Ito, A. Mukaiyama, Y. Itoh, H. Nagase, I.B. Thogersen, J.J. Enghild, Y. Sasaguri, Y.
Mori, Degradation of interleukin 1beta by matrix metalloproteinases, J. Biol.
Chem. 271 (1996) 14657–14660.
[18] G. Opdenakker, P.E. Van den Steen, J. Van Damme, Gelatinase B: a tuner and
ampliﬁer of immune functions, Trends Immunol. 22 (2001) 571–579.
[19] B. Nawrocki Raby, M. Polette, C. Gilles, C. Clavel, K. Strumane, M. Matos, J.M.
Zahm, F. Van Roy, N. Bonnet, P. Birembaut, Quantitative cell dispersion analysis:
new test to measure tumor cell aggressiveness, Int. J. Cancer 93 (2001)
644–652.
[20] B. Nawrocki, M. Polette, V. Marchand, M. Monteau, P. Gillery, J.M. Tournier, P.
Birembaut, Expression of matrix metalloproteinases and their inhibitors in human
bronchopulmonary carcinomas: quantiﬁcative and morphological analyses, Int. J.
Cancer 72 (1997) 556–564.
[21] M. Polette, B. Nawrocki, C. Gilles, H. Sato, M. Seiki, J.M. Tournier, P. Birembaut, MT-
MMP expression and localisation in human lung and breast cancers, Virchows
Arch. 428 (1996) 29–35.
[22] R. Vinodhkumar, Y.S. Song, V. Ravikumar, G. Ramakrishnan, T. Devaki, Depsipep-
tide a histone deacetylase inhibitor down regulates levels of matrix metallopro-
teinases 2 and 9 mRNA and protein expressions in lung cancer cells (A549), Chem.
Biol. Interact. 165 (2007) 220–229.
[23] C. Ntayi, A.L. Labrousse, R. Debret, P. Birembaut, G. Bellon, F. Antonicelli, W.
Hornebeck, P. Bernard, Elastin-derived peptides upregulate matrix metallopro-
teinase-2-mediated melanoma cell invasion through elastin-binding protein,
J. Invest Dermatol. 122 (2004) 256–265.
[24] T.A. Giambernardi, G.M. Grant, G.P. Taylor, R.J. Hay, V.M. Maher, J.J. McCormick, R.J.
Klebe, Overview of matrix metalloproteinase expression in cultured human cells,
Matrix Biol. 16 (1998) 483–496.
[25] M. Sasaki, M. Kashima, T. Ito, A. Watanabe, N. Izumiyama, M. Sano, M. Kagaya, T.
Shioya, M. Miura, Differential regulation of metalloproteinase production,
proliferation and chemotaxis of human lung ﬁbroblasts by PDGF, interleukin-
1beta and TNF-alpha, Mediators Inﬂamm. 9 (2000) 155–160.
[26] R. Debret, R.R. Le Naour, J.M. Sallenave, A. Deshorgue, W.G. Hornebeck, M.
Guenounou, P. Bernard, F.D. Antonicelli, Elastin fragments induce IL-1beta
upregulation via NF-kappaB pathway in melanoma cells, J. Invest Dermatol. 126
(2006) 1860–1868.
[27] I. Rahman, W. MacNee, Regulation of redox glutathione levels and gene
transcription in lung inﬂammation: therapeutic approaches, Free Radic. Biol.
Med. 28 (2000) 1405–1420.
[28] R.R. Rosato, J.A. Almenara, S. Grant, The histone deacetylase inhibitor MS-275
promotes differentiation or apoptosis in human leukemia cells through a process
regulated by generation of reactive oxygen species and induction of p21CIP1/
WAF1 1, Cancer Res. 63 (2003) 3637–3645.
[29] T. Itoh, M. Tanioka, H. Yoshida, T. Yoshioka, H. Nishimoto, S. Itohara, Reduced
angiogenesis and tumor progression in gelatinase A-deﬁcient mice, Cancer Res. 58
(1998) 1048–1051.
[30] C. Martinella-Catusse, M. Polette, A. Noel, C. Gilles, P. Dehan, C. Munaut, A. Colige,
L. Volders, J.C. Monboisse, J.M. Foidart, P. Birembaut, Down-regulation of MT1-
MMP expression by the alpha3 chain of type IV collagen inhibits bronchial tumor
cell line invasion, Lab. Invest 81 (2001) 167–175.
[31] B. Nawrocki-Raby, C. Gilles, M. Polette, C. Martinella-Catusse, N. Bonnet, E.
Puchelle, J.M. Foidart, F. Van Roy, P. Birembaut, E-cadherin mediates MMP down-
regulation in highly invasive bronchial tumor cells, Am. J. Pathol. 163 (2003)
653–661.
[32] J.P. Iredale, R.C. Benyon, J. Pickering, M. McCullen, M. Northrop, S. Pawley, C.
Hovell, M.J. Arthur, Mechanisms of spontaneous resolution of rat liver ﬁbrosis.
Hepatic stellate cell apoptosis and reduced hepatic expression of metalloprotei-
nase inhibitors, J. Clin. Invest 102 (1998) 538–549.
[33] N. Takai, T. Ueda, Y. Kawano, M. Nishida, K. Nasu, H. Narahara, C2-ceramide
exhibits antiproliferative activity and potently induces apoptosis in endometrial
carcinoma, Oncol. Rep. 14 (2005) 1287–1291.
1727R. Debret et al. / Biochimica et Biophysica Acta 1783 (2008) 1718–1727[34] A.M. Preaux, M.P. D'Ortho, M.P. Bralet, Y. Laperche, P. Mavier, Apoptosis of human
hepatic myoﬁbroblasts promotes activation of matrix metalloproteinase-2,
Hepatology 36 (2002) 615–622.
[35] H. Emonard, G. Bellon, L. Troeberg, A. Berton, A. Robinet, P. Henriet, E. Marbaix, K.
Kirkegaard, L. Patthy, Y. Eeckhout, H. Nagase, W. Hornebeck, P.J. Courtoy, Low
density lipoprotein receptor-related protein mediates endocytic clearance of pro-
MMP-2.TIMP-2 complex through a thrombospondin-independent mechanism,
J. Biol. Chem. 279 (2004) 54944–54951.
[36] T.S. Zorick, Z. Mustacchi, S.Y. Bando, M. Zatz, C.A. Moreira-Filho, B. Olsen, M.R.
Passos-Bueno, High serum endostatin levels in Down syndrome: implications for
improved treatment and prevention of solid tumours, Eur. J. Hum. Genet. 9 (2001)
811–814.
[37] N. Andrieu-Abadie, V. Gouaze, R. Salvayre, T. Levade, Ceramide in apoptosis
signaling: relationship with oxidative stress, Free Radic. Biol. Med. 31 (2001)
717–728.
[38] S.N. Lavrentiadou, C. Chan, T. Kawcak, T. Ravid, A. Tsaba, A. van der Vliet, R. Rasooly,
T. Goldkorn, Ceramide-mediated apoptosis in lung epithelial cells is regulated by
glutathione, Am. J. Respir. Cell Mol. Biol. 25 (2001) 676–684.
[39] B. Liu, Y.A. Hannun, Inhibition of the neutral magnesium-dependent sphingo-
myelinase by glutathione, J. Biol. Chem. 272 (1997) 16281–16287.
[40] G. Gutierrez, C. Mendoza, L.F. Montano, R. Lopez-Marure, Ceramide induces early
and late apoptosis in human papilloma virus+cervical cancer cells by inhibiting
reactive oxygen species decay, diminishing the intracellular concentration of
glutathione and increasing nuclear factor-kappaB translocation, Anticancer Drugs
18 (2007) 149–159.
[41] J. Bian, Y. Sun, Transcriptional activation by p53 of the human type IV collagenase
(gelatinase A or matrix metalloproteinase 2) promoter, Mol Cell Biol 17 (1997)
6330–6338.
[42] H. Qin, J.D. Moellinger, A. Wells, L.J. Windsor, Y. Sun, E.N. Benveniste, Transcrip-
tional suppression of matrix metalloproteinase-2 gene expression in human
astroglioma cells by TNF-alpha and IFN-gamma, J. Immunol. 161 (1998)
6664–6673.[43] H. Qin, Y. Sun, E.N. Benveniste, The transcription factors Sp1, Sp3, and AP-2 are
required for constitutive matrix metalloproteinase-2 gene expression in astro-
glioma cells, J. Biol. Chem. 274 (1999) 29130–29137.
[44] R.E. Swiderski, J.E. Dencoff, C.S. Floerchinger, S.D. Shapiro, G.W. Hunninghake,
Differential expression of extracellular matrix remodeling genes in a murine
model of bleomycin-induced pulmonary ﬁbrosis, Am. J. Pathol. 152 (1998)
821–828.
[45] M.R. Bergman, S. Cheng, N. Honbo, L. Piacentini, J.S. Karliner, D.H. Lovett, A
functional activating protein 1 (AP-1) site regulates matrix metalloproteinase 2
(MMP-2) transcription by cardiac cells through interactions with JunB-Fra1 and
JunB-FosB heterodimers, Biochem. J. 369 (2003) 485–496.
[46] J.L. Wang, Y. Sun, S. Wu, Gamma-irradiation induces matrix metalloproteinase II
expression in a p53-dependent manner, Mol. Carcinog. 27 (2000) 252–258.
[47] Z. Ma, M.J. Chang, R. Shah, J. Adamski, X. Zhao, E.N. Benveniste, Brg-1 is required
for maximal transcription of the human matrix metalloproteinase-2 gene, J. Biol.
Chem. 279 (2004) 46326–46334.
[48] M.C. Leslie, M. Bar-Eli, Regulation of gene expression in melanoma: new
approaches for treatment, J. Cell Biochem. 94 (2005) 25–38.
[49] C. Wu, Chromatin remodeling and the control of gene expression, J. Biol. Chem.
272 (1997) 28171–28174.
[50] A.J. Bannister, E.A. Miska, Regulation of gene expression by transcription factor
acetylation, Cell Mol. Life Sci. 57 (2000) 1184–1192.
[51] M.A. Glozak, N. Sengupta, X. Zhang, E. Seto, Acetylation and deacetylation of non-
histone proteins, Gene 363 (2005) 15–23.
[52] B. Polevoda, F. Sherman, The diversity of acetylated proteins, Genome Biol. 3
(2002) reviews0006.
[53] C. Weiss, S. Schneider, E.F. Wagner, X. Zhang, E. Seto, D. Bohmann, JNK
phosphorylation relieves HDAC3-dependent suppression of the transcriptional
activity of c-Jun, EMBO J. 22 (2003) 3686–3695.
[54] S.M. Pulukuri, B. Gorantla, J.S. Rao, Inhibition of histone deacetylase activity
promotes invasion of human cancer cells through activation of urokinase
plasminogen activator, J. Biol. Chem. 282 (2007) 35594–35603.
